The auditory cortex is necessary for sound localization. The mechanisms that shape bicoordinate spatial representation in the auditory cortex remain unclear. Here, we addressed this issue by quantifying spatial receptive fields (SRFs) in two functionally distinct cortical regions in the pallid bat. The pallid bat uses echolocation for obstacle avoidance and listens to prey-generated noise to localize prey. Its cortex contains two segregated regions of response selectivity that serve echolocation and localization of prey-generated noise. The main aim of this study was to compare 2D SRFs between neurons in the noise-selective region (NSR) and the echolocation region [frequencymodulated sweep-selective region (FMSR)]. The data reveal the following major differences between these two regions: (1) compared with NSR neurons, SRF properties of FMSR neurons were more strongly dependent on sound level; (2) as a population, NSR neurons represent a broad region of contralateral space, while FMSR selectivity was focused near the midline at sound levels near threshold and expanded considerably with increasing sound levels; and (3) the SRF size and centroid elevation were correlated with the characteristic frequency in the NSR, but not the FMSR. These data suggest different mechanisms of sound localization for two different behaviors. Previously, we reported that azimuth is represented by predictable changes in the extent of activated cortex. The present data indicate how elevation constrains this activity pattern. These data suggest a novel model for bicoordinate spatial representation that is based on the extent of activated cortex resulting from the overlap of binaural and tonotopic maps.
Introduction
The auditory cortex is required for sound localization in both azimuth (Whitfield et al., 1972; Jenkins and Merzenich, 1984; Kavanagh and Kelly, 1987; Heffner, 1997; Malhotra et al., 2004) and elevation . Most studies of cortical spatial encoding have focused on binaural and azimuth selectivity. The lack of a "one-to-one" space map in the cortex and the relatively broad tuning of neurons that can expand further with sound level have led to suggestions that population activity patterns represent azimuth locations (Middlebrooks and Pettigrew, 1981; Rajan et al., 1990b; Nakamoto et al., 2004; Stecker et al., 2005; King et al., 2007) . The nature of such population codes is only beginning to be understood (Miller and Recanzone, 2009; Razak, 2011) . Relatively little is known about how source elevation is represented (Xu et al., 1998; Reale et al., 2003; Mrsic-Flogel et al., 2005) , resulting in a lack of models to explain 2D spatial encoding in auditory cortex. The present study addressed this issue by recording spatial receptive fields (SRFs) of neurons in two functionally distinct regions of the auditory cortex.
The subject of this study was the pallid bat (Antrozous pallidus), a species that localizes and hunts terrestrial prey (e.g., crickets, scorpions) by listening to prey-generated noise (e.g., walking, rustling, at 5-40 kHz), while reserving echolocation with downward frequency-modulated (FM) sweeps (60 ¡ 30 kHz, 2-5 ms) for orientation and obstacle avoidance (Bell, 1982; Barber et al., 2003) . The colliculusthalamus-cortex connections are organized as parallel pathways with segregated selectivity for noise and downward FM sweeps (Fuzessery, 1994; Razak and Fuzessery, 2002; Razak et al., 2007) . In the auditory cortex, neurons are segregated into two regions with properties that suggest involvement in prey localization [noise-selective region (NSR)] and echolocation [FM sweep-selective region (FMSR)]. The two cortical regions receive inputs from distinct thalamic areas, with the dorsal division of medial geniculate body (MGB) projecting to the FMSR, and ventral MGB projecting to the NSR . The presence of functionally segregated pathways provides the opportunity to compare sound localization mechanisms that underlie two different behaviors.
A previous mapping study of the NSR showed that a systematic change in the extent of activated auditory cortex represents azimuth (Razak, 2011) . The NSR contains two distinct binaural clusters. One cluster of neurons responds best to interaural level differences (ILDs) near 0 dB and to 0 -15°azimuth, providing a spatial acoustic fovea for midline locations (Razak and Fuzessery, 2010; Razak, 2011) . The second cluster contains binaurally inhibited (EI) neurons with a systematic map of ILD selectivity (Razak and Fuzessery, 2002) . The ILD at which the response is inhibited is arranged systematically within the EI cluster. This results in azimuthdependent systematic changes in the extent of activated cortex (Razak, 2011) in a manner similar to that proposed in the superior (Wise and Irvine, 1985) and inferior colliculi . How the elevation of the sound source influences this azimuthdependent activity map in the EI cluster is not known and forms a major aim of this study. For this purpose, 2D SRFs of EI cluster neurons were characterized.
The FMSR neurons are selective for downward FM sweeps with sweep rates present in the echolocation calls of the pallid bat. These neurons respond poorly or not at all to upward sweeps, noise, and pure tones. Unlike the NSR, in which nearly 85% of neurons are ILD selective, nearly 65% of FMSR neurons are insensitive to ILDs (Razak and Fuzessery, 2002) . To identify the consequence of differential binaural selectivity in the NSR and the FMSR to free-field spatial encoding, the SRFs of FMSR neurons were also characterized. The data indicate a significant correlation between elevation properties of the SRF and the characteristic frequencies (CFs) of NSR neurons. This indicates that the ILD/azimuth-dependent extent of cortical activity will be constrained by elevation-frequency relationships providing a novel hypothesis for cortical representation of 2D space that depends on overlapping ILD and tonotopic maps.
Materials and Methods
Pallid bats were netted in Arizona, New Mexico, and California, and were held in a 11 ϫ 14 foot room at the University of California, Riverside. The bats were able to fly in this room and were provided crickets/mealworms and water ad libitum. The room was maintained on a reversed 12 h light/dark cycle. All procedures followed the animal welfare guidelines required by the National Institutes of Health and the Institutional Animal Care and Use Committee.
Surgical procedures. Recordings were obtained from adult pallid bats (n ϭ 14) anesthetized with isoflurane inhalation, followed by an intraperitoneal injection of pentobarbital sodium (30 g/g body weight) and acepromazine (2 g/g body weight). Both male and female bats were used. The surgical and recording procedures were as described in detail in previous articles (Razak and Fuzessery, 2002; Razak, 2011) . Briefly, to expose the auditory cortex, the head was held in a bite bar, a midline incision was made in the scalp, and the muscles over the dorsal surface of the skull were reflected to the sides. The bat was placed in a Plexiglas holder. A cylindrical aluminum head pin was inserted through a crossbar over the head of the bat and was cemented to the front of the skull. This pin served to hold the head of the bat securely during the recording session. The location of A1 was determined relative to the rostrocaudal extent of the midsagittal sinus, the distance laterally from the midsagittal sinus, and the location of a prominent lateral blood vessel that travels parallel to the midsagittal sinus (Razak and Fuzessery, 2002) . The size of the exposure was ϳ2 mm 2 . The exposed brain surface was covered with paraffin oil to prevent desiccation.
Recording and stimulus protocols. Experiments were conducted in a warm (ϳ80°F) sound attenuation room lined with anechoic foam (Gretch-Ken Industries). All recordings were obtained from the right hemisphere. Bats were kept anesthetized throughout the course of the experiments with additional pentobarbital sodium injections. Acoustic stimulation and data acquisition were driven by custom-written software (Batlab, Dr. Don Gans, Kent State University, Kent, OH) and a Microstar digital signal processing (DSP) board. Programmable attenuators (PA5, Tucker-Davis Technologies) allowed the control of sound levels before amplification by a stereo power amplifier (HCA1100, Parasound; or AX430, Yamaha). Extracellular single-unit recordings were obtained using glass electrodes (1 M NaCl, 2-10 M⍀ impedance) at depths between 200 and 600 m. The pallid bat auditory cortex is ϳ800 m thick from pia to white matter. Cortical layer IV/V boundary lies at ϳ55% from the pia (Martin del Campo et al., 2014). Layer V begins ϳ450 m from the . The x-axis (azimuth) ranges from 75°IL (negative angles) to 75°CL (positive angles) in 15°increments (the 30°and 60°axis markers are omitted for clarity). The y-axis (elevation) ranges from 60°below to 60°above the snout of the bat in 30°increments. The color scale to the right indicates the response magnitude (total number of spikes to 20 stimulus repetitions) within the SRF. The thin dashed line marks the gyradius (40°for this neuron). The thicker dashed line delineates the 50% SRF defined as the contour within which response was Ͼ50% of maximum response. The "plus" sign marks the centroid azimuth/elevation of the SRF. The arrows emerging from the centroid end at the 50% SRF contour and provide a measurement of 50% SRF in azimuth (53°for this neuron) and elevation (95°for this neuron).
pia. The recordings, therefore, include neurons from primarily cortical layers III, IV, and V. Penetrations were made orthogonal to the surface of the cortex. Action potentials were amplified by a Dagan extracellular preamplifier (2400A) and a spike signal enhancer (FHC) and bandpass filtered (0.3-3 kHz; Krohn-Hite). Waveforms and peristimulus time histograms were stored. All data shown are from single-unit recordings identified by the consistency of action potential amplitude and waveform displayed on an oscilloscope. Responses were quantified as the total number of spikes elicited by 20 stimulus presentations at a 1 Hz repetition rate.
The main goal of this study was to determine the (Razak and Fuzessery, 2002) . Although these regions occupy a single continuous tonotopic map from ϳ7 to 70 kHz, the NSR receives input from the ventral MGB, while the FMSR receives input primarily from the suprageniculate nucleus of the dorsal MGB . The two regions are also distinguished by response selectivity (Razak and Fuzessery, 2002 , 2006 , 2008 , 2009 , 2010 Razak, 2011) . The CFs in the NSR range between 7 and 35 kHz and most NSR neurons respond better to broadband noise with a bandwidth between 5 and 40 kHz over narrowband noise or tones. Based on similarities in response properties such as short latency, narrow tuning, and tonotopy, and inputs from the ventral MGB, the NSR is the primary auditory cortex in the pallid bat. The CFs in the FMSR range between 25 and 65 kHz and most neurons respond best or exclusively to downward FM sweep with sweep rates that mimic the echolocation call of the bat compared with upward FM sweeps, noise, and tones. Thus, the FMSR and NSR are part of functionally distinct pathways.
The NSR contains two clusters of neurons distinguished by ILD selectivity (Razak and Fuzessery, 2002, 2010; Razak, 2011 Razak, , 2012 . A cluster of EI neurons is located caudal to a peaked neuron cluster. The EI neurons respond monaurally only to CL ear stimulation. Under binaural stimulation, increasing the IL ear sound level causes the inhibition of response. These neurons are also classified as EO/I in the literature. The peaked neurons can be classified as predominantly binaural or OO/FI -neurons that do not respond to monaural stimulation of either ear, but are facilitated by binaural input and inhibited when ipsilateral intensity is increased further. Binaural stimulation with ILD near 0 dB produces a maximum response, and further increases in IL sound level cause inhibition. Almost all peaked neurons respond best to stimuli located between Ϫ15°and ϩ15°azimuth and poorly to the lateral locations. All EI neurons respond best to broadband noise presented in CL azimuth locations (Razak, 2011) . Because the main goal here was to determine how elevation constrains cortical activity spread within the EI , respectively. The centroid elevation at the two sound levels was Ϫ5°and Ϫ9°. The gyradii at the two different sound levels were 44°and 46°. C, D, Neuron #70C02; CF ϭ 30 kHz; centroid azimuth ϭ 28°; 35°; centroid elevation ϭ 42°, 37°; gyradius ϭ 28°, 36
o . E, F, Neuron #83A01; CF ϭ 21 kHz; centroid azimuth ϭ 36°, 36°; centroid elevation ϭ 3°, 2°; gyradius ϭ 51°, 50°. G, H, Neuron #78B03; CF ϭ 23 kHz; centroid azimuth ϭ 47°, 48°; centroid elevation ϭ 15°, 15°; gyradius ϭ 43°, 43°.
cluster, we focused on measuring SRFs only for the EI neurons. To isolate neurons in the EI cluster of the NSR, broadband noise (5-40 kHz, 5-10 ms duration, 20 -70 dB SPL) was presented either from CL 15°or 60°azimuth locations. An EI neuron that responds to the 15°location will also respond to the 60°loca-tion (Razak, 2011 (Razak, , 2012 . Neurons that responded only to the 60°location, but not the 15°location, are also of the EI type. If a neuron responded only to the 15°location, but not the 60°location, it was not studied further because this is a characteristic of peaked neurons. This method allowed us to focus on EI neurons.
Once an EI neuron was isolated, the first step was to qualitatively determine the best azimuth position for broadband noise by moving the speaker between Ϫ15°and ϩ75°locations with 15°resolution. With the speaker at the optimal azimuth location, the CF of the neuron was determined as the tone frequency (5-40 kHz, 5 kHz steps, 20 -70 dB SPL, 5-10 ms duration, 1 ms rise/fall time, 1 Hz repetition rate) that elicited responses to at least five successive presentations at the lowest sound level tested. The minimum threshold (MT) for noise was determined by increasing the SPL from 20 to 70 dB (5 dB steps to start and 1 dB steps closer to threshold) and noting the lowest SPL that elicited responses to at least five successive presentations. Following this, the response of the neuron to broadband noise (10 dB above threshold) was recorded with the speaker at different azimuth (ϩ75°to Ϫ75°IL, 15°reso-lution) and elevation (60°up to 60°down, 30°r esolution) locations.
For the majority of NSR neurons studied (81 of 104 neurons), a second sound level (15-30 dB above MT) was also tested at each location to determine the level stability of SRF properties. Although this is a moderate range of sound levels, it must be noted that the pallid bats hunt by listening to sounds generated by the movement of small insects. Therefore, the range of behaviorally relevant sound levels is not large. For example, the steps of an ϳ1 g (body weight) scorpion on desert soil produce sound levels ϳ55-60 dB peak equivalent SPL (at 10 cm distance; Holderied et al., 2011) . Pallid bats forage at heights between 0.5 and 2.5 m from the ground (O'Shea and Vaughan, 1977) . From the ground to up to 3 m height, the range of sound levels of prey-generated noise is unlikely to be Ͼ20 dB SPL (between ϳ40 and 60 dB SPL). Other prey of the pallid bat such as crickets and beetles weigh Ͻ1 g and will produce a smaller range of SPL variation. Therefore, the sound levels used here to study stability likely fall in the behaviorally relevant range.
To isolate single-neuron responses in the FMSR, search stimuli were presented from the free-field speaker positioned at 0°azimuth and elevation (to mimic echoes along the flight path). The search stimuli used were linear downward 60 ¡ 30 kHz or 70 ¡ 20 kHz FM sweeps (2-5 ms duration, levels between 0 and 70 dB SPL, 1 Hz repetition rate, 1 ms rise/fall time). Upon isolation of a neuron, the CF was determined by presenting tones (5-10 ms duration, 1 ms rise/fall times, 1 Hz repetition rate) with frequencies between 25 and 70 kHz (1 or 5 kHz step) and levels between 0 and 70 dB SPL (5 dB step). The free-field speaker was still at 0°a zimuth/elevation for CF determination. The CF was the tone frequency, or the center of the tone frequency range, that elicited action potentials to at least five successive stimulus repetitions at the lowest sound level tested. After identifying the CF, a downward FM sweep with the CF as the approximate center frequency, duration between 2 and 5 ms, and bandwidths between 20 and 40 kHz (to optimize sweep rate) was used as a stimulus to record MT for FM sweep and SRF. The duration (range, 2-5 ms; resolution, 1 ms) and bandwidth (range, 20 -40 kHz; resolution, 10 kHz) were changed to qualitatively and quickly identify the sweep that produced robust responses while still approximating the natural echolocation call. This stimulus is referred to as the optimal FM sweep. To identify the MT of the FMSR neuron, the speaker was positioned at 0°a zimuth/elevation, and the optimal FM sweep was presented with increasing levels between 0 and 70 dB SPL (5 dB steps to start and 1 dB steps closer to threshold). The MT was defined as the lowest sound level to Figure 3 . The SRF properties of FMSR neurons were strongly sound level dependent. The left and right columns correspond to SRFs recorded from the same FMSR neurons, but at MT ϩ 10 dB and MT ϩ 20 dB, respectively. The 50% SRF contours are not shown for neurons in E-H because of the fragmenting of the SRF into multiple peaks at the higher SPL. A, B, Neuron #96A01; CF ϭ 45 kHz; centroid azimuth ϭ 11°, 9°; centroid elevation ϭ 4°, Ϫ3°; gyradius ϭ 26°, 40°. C, D, Neuron #77A02; CF ϭ 48 kHz; centroid azimuth ϭ 9°, 14°; centroid elevation ϭ Ϫ1°, Ϫ1°; gyradius ϭ 41°, 54°. E, F, Neuron #36A04; CF ϭ 35 kHz; centroid azimuth ϭ 13°, 7°; centroid elevation ϭ 10°, Ϫ3°; gyradius ϭ 38°, 54°. G, H, Neuron #86B03; CF ϭ 50 kHz; centroid azimuth ϭ 16°, 24°; centroid elevation ϭ Ϫ2°, 1°; gyradius ϭ 28°, 48°.
which the neuron responded to at least five successive presentations. To record SRFs, the optimal FM sweep was presented at 10 dB above threshold from up to 55 speaker locations. In the majority of FMSR neurons (48 of 55 neurons), SRF was also determined at a second sound level (15-30 dB above MT) to determine the level stability of FMSR neurons.
Quantification of SRF properties. The SRFs were plotted and analyzed using code written in MATLAB. The SRFs were quantified using three of their geometrical properties: the centroid, the 50% SRF, and the polar radius of gyration (gyradius). The centroid and gyradius can be understood by considering a physical analogy. The SRF can be thought of as a large mountain on the surface of a globe, where the response firing rate is equivalent to surface elevation, azimuth is equivalent to longitude, and elevation is equivalent to latitude. The centroid of the SRF is equivalent to the position (latitude and longitude) of the center of gravity of the mountain. To understand the gyradius, consider the globe rotating about an axis that passes through the center of gravity of the mountain. If the mass of the mountain is distributed far from the axis, it will have greater rotational inertia than if the mass is concentrated close to the axis. If the entire mass of the mountain is concentrated at a single point, the gyradius quantifies the distance that this point must be from the axis of rotation to maintain the same rotational inertia. Thus, the gyradius of the SRF quantifies the angular size of the SRF in a way that takes the entire response into account and is not sensitive to the level of activity in any particular region of the SRF.
Each SRF was defined by N data, each of which was composed of measurements of azimuth ( i for the ith datum), elevation ( i ), and response spike count (r i ). The centroid of the SRF was found by taking moments about the origin; this discounts the circular nature of the azimuth dimension, but does not result in loss of accuracy as all data were located in the frontal hemisphere. The azimuth of the centroid was defined as follows:
, and the elevation of the centroid as follows:
To find the gyradius about the centroid, we first needed to find the total angle between the centroid and each datum. Total angle was given by the law of cosines, as follows: . SRFs of NSR neurons were larger in elevation than azimuth. The 50% SRF is the width of the SRF, inside of which the response was within 50% of the maximum. The 50%SRF-AZ and 50%SRF-EL were calculated as the SRF width, with the centroid as reference. A paired t test revealed a significant difference. The gyradius R g of the SRF was then given by the following:
The 50% SRF is the contour within which the response of the neuron was Ͼ50% of maximum response. The 50% SRF in azimuth (50%SRF-AZ) and the 50% SRF in elevation (50%SRF-EL) are the width of the 50% SRF at the centroid.
Results
Spatial receptive fields were recorded from 159 neurons in the pallid bat auditory cortex. Of these, 55 neurons were from the FMSR, and the remaining 104 neurons were from the NSR. SRFs were recorded with at least two different sound levels in 48 of 55 FMSR neurons and 81 of 104 NSR neurons. Figure 1 shows an example SRF of an NSR neuron to illustrate the various SRF properties quantified. Figure 2 shows SRFs of four representative NSR neurons recorded at 10 dB (Fig. 2, left column) and 20 dB (Fig. 2, right column) above minimum threshold. These neurons serve to illustrate two consistent properties of NSR neurons. First, SRFs of NSR neurons were more selective for azimuth than elevation. Second, NSR neurons responded to a relatively contiguous region typically constrained to the CL space at both sound levels tested. Figure 3 shows three example SRFs from the FMSR that serve to illustrate the contrasting SRF properties between the two regions. SRFs of FMSR neurons occupied a contiguous and constrained region of space only at sound levels near threshold (Fig. 3, left column) . At these intensities, SRFs were typically centered near the midline. A 10 dB increase in sound level results in an expansion of the SRF (Fig. 3A-D) or a fragmentation into multiple noncontiguous loci of strong responses (Fig. 3E-H ) .
These qualitative observations of contrasting NSR/FMSR SRFs were quantified by measuring gyradius, centroid, and 50% SRF. The azimuth and elevation range over which the response was within 50% of maximum (50%SRF-AZ and 50%SRF-EL) at 20 dB above threshold was used to quantify the general shape of the SRF. Across the NSR population, SRFs were, on average, larger in elevation than in azimuth ( Fig. 4 ; paired test, p Ͻ 0.0001). It was not possible to perform this analysis for FMSR neurons because of the fragmented nature of the SRFs. Across the population, the centroid azimuths of the majority of NSR neurons were located in the CL hemifield (Fig. 5 A, B, black bars) . The centroid azimuths of NSR neurons collectively covered a broad region of the CL hemifield. The centroid elevations of most NSR neurons were distributed between Ϫ10°and 30°elevation (Fig. 5C ,D, black bars). As with the NSR neurons, the centroid azimuths of almost all of the FMSR neurons were located in the CL hemifield (Fig.  5 A, B , white bars). However, unlike the NSR population that covered a broad range of azimuths, the centroid azimuths of the majority of FMSR neurons were located between midline and 20°azimuth (Fig. 5) . The distribution of centroid azimuths in the NSR and FMSR were significantly different from each other ( 2 test, p Ͻ 0.0001 at both sound levels). The distributions of centroid elevation were also significantly different between the two regions ( 2 test, p ϭ 0.003 at MT ϩ 10 dB SPL and p ϭ 0.01 at MT ϩ 20 dB SPL) with the FMSR neurons being more tightly clustered near the midline compared with NSR neurons.
Comparison of centroid distribution within each region at the two different sound levels also reveals a difference between the NSR and FMSR. The distribution of centroid azimuths changes with sound level in the FMSR ( 2 test, p Ͻ 0.001), but not in the NSR ( 2 test, p ϭ 0.95). The distributions of centroid elevations were not different at the two sound levels in either FMSR ( 2 test, p ϭ 0.46) or NSR ( 2 test, p ϭ 0.53). Together, these data indicate that the population of NSR neurons is collectively sensitive to a broad region of CL space. FMSR neurons are sensitive close to 0 -20°azimuth and elevation. The distributions of SRF centroid azimuths are level dependent in the FMSR, with a higher percentage of neurons preferring 0°for the louder sound. The spatial selectivity of echolocation call selective neurons is thus focused on locations along the flight path from where echoes are expected. Given that the pallid bat hunts by localizing prey-generated noise, the sensitivity to a broader region of space in the NSR is likely an adaptation to the unpredictability of prey location in relation to the flight path of the bat. The differential effect of sound level on centroid azimuth distributions in the two regions suggests that SRFs of individ- (Fig. 3A-D) and/or fragmented ( Fig. 3E-H ) SRF at MT ϩ 20 dB SPL. SRFs of the NSR neurons are similar at the two sound levels (Fig. 2) . The gyradius instability index was calculated as the degree change in gyradius per decibel increase in sound level. A comparison between the NSR and FMSR neurons shows a significantly higher gyradius instability index in the latter ( Fig. 6A ; NSR, 0.38 Ϯ 0.04; FMSR, 1.287 Ϯ 0.08; t test, p Ͻ 0.0001). The azimuth and elevation instability indices were also quantified as the degree change in centroid azimuth and centroid elevation per decibel increase in sound level. Once again, the locations of centroid azimuth and elevation were more level dependent in the FMSR compared with the NSR (Fig.  6 B, C ; centroid azimuth instability index: FMSR, 0.59 Ϯ 0.06; NSR, 0.43 Ϯ 0.04; centroid elevation instability index: FMSR, 0.64 Ϯ 0.07; NSR, 0.37 Ϯ 0.04; t test, p Ͻ 0.05). Thus, SRFs were small at low sound levels in the FMSR neurons but show a considerable change in both SRF size and location of centroids with increasing sound levels. The SRFs were more stable in the NSR.
The centroid elevation and gyradius of NSR neurons were correlated with the CF. Figure 7 shows the SRF of eight NSR neurons recorded at MT ϩ 20 dB and arranged according to increasing CF ( Fig.  7A-H ) . As with the majority of NSR neurons (Fig. 5) , these neurons were sensitive to the CL hemifield. The centroid elevation of these neurons systematically shifts upward with CF. Across the population, the centroid elevation of the SRF was correlated with CF in NSR neurons at both MT ϩ 10 dB (Fig. 8A ) and MT ϩ 20 dB (Fig. 8B) . Low-CF NSR neurons exhibited lower centroid elevations compared with higher CF NSR neurons. There was no significant correlation between CF and centroid azimuth of NSR neurons (Fig.  8C,D) . This is consistent with previous studies that showed no relationship between CF and azimuth selectivity properties in the NSR (Razak, 2011 (Razak, , 2012 . There was no correlation between CF and centroid elevation (Fig. 8 E, F ) or centroid azimuth (Fig. 8G,H ) in the FMSR. Figure 7 also serves to illustrate that the higher CF neurons typically had smaller gyradii and thus were more elevation tuned (Fig. 7F-H ). There was a significant correlation between the gyradius and the CF in the NSR at both sound levels tested (Fig. 9 A, B) . NSR neurons with lower CFs had a larger SRF compared with higher CF neurons. There was no significant correlation between CF and SRF gyradii in the FMSR (Fig. 9C,D) . These data indicate a significant relationship between the elevation tuning and frequency tuning of a neuron in the NSR, but not in the FMSR.
Discussion
There were three major differences in the SRF properties of NSR and FMSR neurons. (1) Compared with NSR neurons, SRFs of FMSR neurons were more level dependent. (2) As a population, NSR neurons represent a broad region of contralateral space. FMSR spatial selectivity was focused near the midline at sound levels near threshold and show significant expansion and/or fragmentation with increasing levels. (3) The SRF size and centroid elevation were Relationship between CF and SRF properties in NSR neurons. SRFs of eight NSR neurons that exemplify the relationship between CF and centroid elevation wherein the high-CF neurons have centroids at higher elevation. The gyradius, indicative of SRF size, also decreased with CF in these neurons. All SRFs were obtained with broadband noise at 20 dB above threshold. A, Neuron #87A01: CF ϭ 12 kHz, centroid azimuth ϭ 42°, centroid elevation ϭ 3°, gyradius ϭ 47°. B, Neuron #68B04: CF ϭ 18 kHz, centroid azimuth ϭ 40°, centroid elevation ϭ 3°, gyradius ϭ 52°. C, Neuron #93B03: CF ϭ 18 kHz, centroid azimuth ϭ 9°, centroid elevation ϭ 0°, gyradius ϭ 61°. D, Neuron #41B03: CF ϭ 20 kHz, centroid azimuth ϭ 55°, centroid elevation ϭ 8°, gyradius ϭ 45°. E, Neuron #40A01: CF ϭ 24 kHz, centroid azimuth ϭ 37°, centroid elevation ϭ 19°, gyradius ϭ 40°. F, Neuron #34A01: CF ϭ 24 kHz, centroid azimuth ϭ 21°, centroid elevation ϭ 17°, gyradius ϭ 41°. G, Neuron #40B01: CF ϭ 29 kHz, centroid azimuth ϭ 32°, centroid elevation ϭ 27°, gyradius ϭ 35°. H, Neuron #41A01: CF ϭ 29 kHz, centroid azimuth ϭ 46°, centroid elevation ϭ 24°, gyradius ϭ 37°.
correlated with the CF in the NSR, but not in the FMSR. There was no correlation between centroid azimuth and CF in either region. These properties indicate that the cortical regions processing locations of prey-generated noise and echoes use different mechanisms of spatial representation, as discussed below.
A bicoordinate localization code in the NSR
The relationship among centroid elevation, SRF size, and CF in the NSR suggests a 2D localization code in the auditory cortex (Fig. 10) . The EI cluster of the NSR contains a systematic map of ILD selectivity (Razak and Fuzessery, 2002) . The ILD at which the response is inhibited to 50% of maximum response with increasing IL sound level [termed "inhibitory threshold" (IT)] is arranged systematically. Negative IT indicates that the neuron is inhibited only when the sound is louder in the IL ear. Positive IT indicates that the neuron is inhibited even when the IL sound level is lower than the CL sound level. Neurons with increasingly more negative ITs occupy more rostrolateral locations in the NSR (Razak, 2011) . As a consequence of this arrangement of ITs, the movement of a source from IL to CL locations results in a systematic increase in the extent of activated cortex in a rostrolateral-caudomedial direction (Fig.  10) . Thus, as in subcortical regions Wise and Irvine, 1985; McAlpine et al., 2001 , Brand et al., 2002 Tollin et al., 2008) , the binaural function slope provides the basis for a systematic azimuth-dependent distribution of population firing rates across cortex.
Data from the present study indicate that the azimuth-dependent extent of activated cortex will be further constrained by elevation-frequency interactions. Two relationships lead to this interpretation. First, the CF and centroid elevation of NSR neurons were correlated (higher CF neurons had higher centroid elevation; Fig. 8 ). Second, CF and gyradius were correlated (lower CF neurons had larger SRFs; Fig. 9 ). Characteristic frequencies in the NSR increase in a caudolateralrostromedial direction (Fig. 10, arrow) , approximately orthogonal to the ILD map. For a broadband sound arriving from low elevations (e.g., Ϫ30
o ; Fig. 10 ), the low-CF neurons will be activated more than the high-CF neurons ("elevation" describes vertical locations in relation to the head/snout direction). The ear directionality will also amplify low frequencies more than the high frequencies for low-elevation sources (Fuzessery, 1996) . As the sound source rises in elevation, the ear will amplify higher-frequency sounds, and high-CF neurons will be recruited because of their sensitivity to higher elevations. This will occur without necessarily a loss of activity in low-CF neurons because these neurons have broad elevation tuning. The extent of NSR activity with changes in elevation will therefore be constrained by tonotopy (Fuzessery, 1986) . As the sound source moves from IL to CL azimuth locations, more of the ILD map will be recruited. As the sound source rises from low to high elevations, more of the tonotopic map will be recruited. Thus, the overlap between the ILD and CF maps will dictate the overall extent of cortical activity for a given azimuth/elevation combination (Fig. 10) . Conversely, the extent of activated cortex will change systematically with 2D source location.
The relationships observed between CF and SRF size/centroid elevation explain between 33% and 47% of SRF variance. Frequency tuning width, response latency, and sensitivity to spectral peaks/notches will additionally influence elevation encoding (Xu et al., 1998; Reale et al., 2003) . The extent of NSR activity will . Schematic representation of how activity distribution in the NSR changes based on overlapping ILD and frequency maps, and the 2D location of a source generating broadband noise. Each panel shows the same cortical region but with activity patterns for specific 2D locations in space (indicated above each panel). Sound source moves from IL to CL space in the left-columnto-right-column direction and from low to high elevations in the bottom-row-to-top-row direction. Cortical orientation is provided in the bottom left panel. M, Medial; L, lateral; R, rostral; C, caudal. The color saturation scales with activity levels. The diagonal arrow indicates that the tonotopic direction in the NSR is in the caudolateral-to-rostromedial direction. See text for additional details. remain relatively stable with sound level. One caveat is that there is a range of MTs in the EI cluster (30 -60 dB SPL). A given sound level will stimulate different neurons at different levels above threshold. However, the overall pattern of EI activity spread is preserved even if the mapping is performed with a single sound level (Razak, 2011) , because most EI neurons have monotonic rate-level responses and level tolerant ILD selectivity.
In addition to creating azimuth selectivity (Razak, 2012) , ILD selectivity of NSR neurons is also predicted to shape the CFelevation tuning correlations observed here. In the pallid bat, for sounds with frequencies of Ͻ20 kHz, the ILDs generated at a given azimuth are relatively elevation invariant (Fuzessery, 1996) . This explains the broad elevation tuning at these frequencies. However, as frequencies increase between 20 and 35 kHz, the locations generating high ILDs become more constrained and shift to higher elevations. Thus, narrower elevation tuning and upper elevation centroids of high-CF NSR neurons (Figs. 2C,D , 7E-H ) arise due to the interactions among sound frequency, ear directionality, and ILD selectivity (Mrsic-Flogel et al. 2005) .
The lack of a correlation between CF and centroid azimuth (Fig. 8C,D) or ILD/azimuth selectivity (Razak, 2011) indicates that frequency tuning does not influence horizontal localization. This is consistent with the notion that each isofrequency contour contains information to encode the CL azimuth in a frequencyspecific manner (Jenkins and Merzenich, 1984) . The proposed code for elevation is consistent with how the spectral bandwidth of sounds influences elevation judgment (Blauert, 1969; Middlebrooks and Green, 1991; Populin and Yin, 1998) . For example, gaze shifts by cats to elevation changes were more error prone when the high-frequency content of noise was filtered out (Tollin et al., 2013) . The filtering removes mid-frequency spectral cues and prevents the full extent of the tonotopic map from being activated. Together, this reduces the ability to make acrossfrequency comparisons causing more errors in elevation judgment for narrowband noise.
Spatial representation in the FMSR
The FMSR region represents space differently than the NSR. The small SRFs near threshold and expansion with increasing sound levels simply reflect ear directionality at frequencies Ͼ30 kHz (Fuzessery, 1996) . The majority (ϳ65%) of FMSR neurons are monaural (ILD insensitive) because only CL stimulation elicits a response with no IL ear influence, either monaurally or binaurally (Razak and Fuzessery, 2002) . This explains the expansion of SRF, at least in azimuth, with increasing levels. At higher sound levels, there is no binaural inhibition to restrict azimuth selectivity. Thus, unlike the NSR in which ILD/frequency selectivity shapes SRFs, FMSR neuron SRF is primarily shaped by monaural ear directionality. The broad tuning and strong level dependence may suggest that the FMSR provides poor location information. FMSR neurons are selective for space only for low sound levels. For large obstacles, or when the bat is close to an obstacle, returning echoes will be relatively loud. Because the neurons are broadly tuned for louder sounds, a question arises as to how the bat accurately localizes the obstacle. The answer may lie in the fact that the pallid bat is a "whispering bat" (Griffin, 1958) that does not depend on loud echolocation calls to track small prey. The pallid bat also performs "intensity compensation," whereby the sound levels of the outgoing call are reduced if the returning echoes were loud (J. Barber, personal communication). The monaural FMSR neurons may be an adaptation for the bat to localize soft echoes with the resolution afforded by small SRFs while still being sensitive to the detection of louder echoes from a broader region of space. Thus, both detection and localization can be performed by actively controlling the sound level of the outgoing pulse. The FMSR will function at low sound levels under most echolocation tasks for which the 2D spatial selectivity of neurons is narrow and near the midline, along the flight path where most echoes will originate. The same FMSR neurons can detect closer and/or larger obstacles from a broader region of space to initiate appropriate avoidance behavior.
Conclusions
Parallel pathways are common in sensory systems. The data presented here show how response properties are shaped in different pathways to contribute to different functions. The cortical regions putatively involved in echolocation and prey localization represent 2D space differently, with the NSR depending on ILD and frequency selectivity, and the FMSR depending on monaural ear directionality (peripheral morphology). In the absence of a "one-to-one" space map in cortex, these data suggest a plausible mechanism for 2D spatial representation. The nature of overlap between frequency and ILD maps will restrict activity to relatively distinct cortical patches in a location-dependent fashion, thus providing a substrate for 2D location processing. The systematic ILD map is present within the cluster of EI neurons in the NSR (Razak, 2011) , suggesting that high-density mapping of frequency and binaural selectivity within individual binaural clusters across species will inform about the generality of the proposed model. Future computational modeling will identify how the population activity distribution is read out (Miller and Recanzone, 2009) . Behavioral studies are currently underway to test the predictions made by the model regarding bandwidth effects on 2D localization by the pallid bat.
